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conditions, which were only partly influenced by relative 
sea-level changes within the basin.
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Introduction
Black shales are dark-colored fine-grained rocks, display-
ing paleoecological, geochemical, and sedimentological 
features, which point to their deposition in an oxygen-
deficient environment (Tyson 1987). Typically, they pos-
sess a fine parallel lamination, undisturbed by benthic 
organisms, and a high organic content (TOC >1 %), 
responsible together with dispersed iron sulphides 
for their dark color (Wetzel 1991a; Arthur and Sage-
man 1994). The studies of ancient and modern deposits 
show that their formation can be commonly linked with 
the interplay of several factors, including high rates of 
organic productivity, restricted circulation leading to the 
development of anoxia, and an elevated or reduced sedi-
mentation rate, responsible for concentration and preser-
vation of organic matter (e.g., Wignall 1994; Katz 2005; 
Tyson 2005). Black shales have been deposited through-
out geological time, from the early Proterozoic to the 
present day (Klemme and Ulmishek 1991), in various 
environments ranging from the deep sea to lagoons and 
lakes (Wignall 1994). The most widespread and economi-
cally important successions accumulated in marine basins 
during transgressions and were predominantly associated 
with the basal part of transgressive systems tracts and 
with sea-level highstand (Arthur and Sageman 1994; Wig-
nall 1994).
Abstract Five facies types are distinguished in the Mid-
dle Jurassic dark-grey mudstone of the Cze˛stochowa Ore-
Bearing Clay Formation on the basis of sedimentary struc-
tures, bioturbation intensity, and composition of trace fossil 
and benthic fauna associations. Three of them, laminated 
mudstone (Ml), laminated claystone (Cl), and alternating 
laminated and bioturbated mudstone (Ma), are varieties of 
black shale. They formed in relatively shallow water, sev-
eral tens of meters deep, in an epicontinental sea, mainly 
during the early phase of Middle Jurassic transgression. 
Suboxic conditions developed beneath a temporary pyc-
nocline in a narrow, proximal zone near flooded land, 
which delivered increased amounts of organic matter and 
nutrients, triggering plankton blooms. Oxygen-deficient 
conditions were recurrently interrupted by re-oxygenation 
events, linked with the activity of storm-generated bot-
tom currents, which simultaneously redistributed signifi-
cant amounts of sediment from the basin-margin shoreface 
zones. Oxygenation improvement varied in duration from 
single storms to periods lasting several tens of years. The 
association of laminated mudstone with the beginning of 
major transgression, relatively shallow water, frequent 
oxygenation of the sea floor, and the occurrence of better-
oxygenated time-equivalent facies in more distal settings, 
indicates that these deposits represent nearshore transgres-
sive black shale. The limited occurrence of black shale and 
its poor correlation with minor transgressive–regressive 
cycles show that its formation depended mainly on local 
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This paper describes black shale of the Cze˛stochowa 
Ore-Bearing Clay Formation from the Middle Jurassic 
succession of southern Poland (Fig. 1), which represents 
a specific category of shallow-marine sediment, classified 
by Wignall and Newton (2001) as “transgressive nearshore 
black shale”. Contrary to most transgressive black shales, 
which accumulated beneath a stagnant water column and 
represent the deepest-water sediment at time of their for-
mation (Wignall 1994), this black shale in Poland was 
deposited in a relatively shallow, high-energy environment, 
in which oxygenation of the sea floor fluctuated frequently. 
The Cze˛stochowa Ore-Bearing Clay Formation has already 
been the subject of several geochemical, paleontological, 
and sedimentological studies, which have provided rel-
evant information about sedimentary processes and benthic 
conditions (e.g., Marynowski et al. 2007; Szczepanik et al. 
2007; Gedl et al. 2012; Leonowicz 2013, 2015a, b). How-
ever, the focus has been on deposits exposed in clay pits, 
which represent a limited stratigraphic interval. The aim 
of the present study is the characterization of the complete 
succession from the southern part of the Silesian-Kraków 
region, recording the transgression of the Middle Jurassic 
sea across the Małopolska Land. The correlation of bore-
hole sections and previously studied exposures has ena-
bled a reconstruction of the spatial distribution of the black 
shale, the interpretation of its position within the deposi-
tional sequence, and discussion of the likely mechanisms 
responsible for its formation.
Geological setting
The studied deposits constitute part of a marine muddy suc-
cession, referred to as the Cze˛stochowa Ore-Bearing Clay 
Formation (Fig. 2a), which belongs to an extensive Middle 
Jurassic siliciclastic complex, occurring in a wide area of 
the Polish Lowlands and Uplands. The Cze˛stochowa Ore-
Bearing Clay Formation, known also as the ore-bearing 
clay, crops out in the Silesian-Kraków Upland in southern 
Fig. 1  a Geological map of the Silesian-Kraków Upland (after Dadlez et al. 2000, simplified) and the location of sections studied. b Location of 
the area shown on a. Boreholes: Biskupice 25BN, Zre˛bice 33BN, Łutowiec 135Z˙, Jaworznik 144Z˙, Piaseczno 60BN
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Poland, in a narrow, NW–SE-oriented belt, which is a part 
of the Silesian-Kraków Monocline, constructed of Per-
mian and Mesozoic rocks (Fig. 1). The age of the ore-
bearing clay was determined by ammonites as Late Bajo-
cian–Late Bathonian (garantiana–discus chrons: Kopik 
1998; Matyja and Wierzbowski 2000, 2006b; Barski et al. 
2004). It overlies the Lower Bajocian (sauzei–humphrie‑
sianum zones) sandy Kos´cielisko Beds (Fig. 2a), resting 
with a stratigraphic gap on older Mesozoic rocks (Kopik 
1997, 1998). Upwards, it passes into condensed Callovian 
deposits, overlain by Oxfordian limestone. The ore-bearing 
clay reaches its maximum thickness of about 200 m north 
Fig. 2  a Lithostratigraphy and biostratigraphy of the Middle Jurassic 
deposits from the Silesian-Kraków region (after Kopik 1998; Matyja 
and Wierzbowski 2000, 2006b; Barski et al. 2004) with an idealized 
lithological log from the Cze˛stochowa region. b Lithological log 
from (a) compared with representative section of Brzes´ć Kujawski 
IG 2 from the Mid Polish Trough zone (after Dayczak-Calikowska 
et al. 2008, simplified; black shale intervals after Feldman-Olszewska 
2005)
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of Cze˛stochowa (Kopik 1997). To the south, its thickness 
decreases and south of Ogrodzieniec it wedges out, passing 
into other Middle Jurassic siliciclastic and calcareous rocks 
(Kopik 1997, 1998). The area studied is situated between 
Cze˛stochowa and Ogrodzieniec (Fig. 1a), where the ore-
bearing clay is exposed in several clay pits and drilled 
through by many boreholes.
Paleogeography
Middle Jurassic deposits of Poland accumulated in a semi-
enclosed basin of an epicontinental sea, called the Polish 
Basin, which was the easternmost arm of the Central Euro-
pean Basin System (CEBS), covering the area of central 
Europe in the Mesozoic (Fig. 3a). The Polish Basin was 
bordered to the south, east, and northeast by land, whereas 
to the northwest, west and southeast, it connected with 
the CEBS and Tethys (Dadlez 1989; Feldman-Olszewska 
1997). The location of its southwestern boundary is still 
problematic because of the erosional nature of the present-
day boundary of the Jurassic deposits. It is usually assumed 
that the Polish Basin was bordered in the Middle Jurassic 
by the Bohemian Massif, which was a land area subjected 
to erosion (Dayczak-Calikowska and Moryc 1988; Dadlez 
1989; Feldman-Olszewska 1997, 1998). This assumption 
is based on the almost complete lack of Middle Jurassic 
deposits, removed in this region by Late Cretaceous-Ceno-
zoic erosion (Pien´kowski et al. 2008). However, it is pos-
sible that, at least from the beginning of the Bathonian, this 
area was covered by sea (Dadlez and Kopik 1975).
The communication of the Polish Basin with the CEBS 
during the Middle Jurassic was impeded by the uplift of 
the Central North Sea Dome (Ziegler 1990) and sedimen-
tation in the former was governed mainly by the Tethyan 
regime (Pien´kowski et al. 2008). The Middle Jurassic was a 
time of progressive transgression, recorded by eight depo-
sitional sequences, distinguished in the thickest and most 
complete succession from central Poland (Pien´kowski et al. 
2008). For the first time the sea entered the Polish Basin in 
the Aalenian, probably from the southeast through the East 
Carpathian Gate (Dayczak-Calikowska 1997), although 
the western direction from the CEBS has been postulated 
(S´widrowska 1994). In the beginning, sedimentation devel-
oped only in a narrow, NW–SE-oriented axial zone called 
the Mid-Polish Trough (MPT, Fig. 3b), which was charac-
terized by the strongest subsidence. During the Bajocian 
and Bathonian, the sea extended to the northeast and south-
west from the MPT and this resulted in the onlap of Middle 
Fig. 3  a Paleogeographical map of Europe in the Middle Jurassic 
(after Ziegler 1990, modified). b Polish Basin in the Middle Juras-
sic (after Feldman-Olszewska 1998, modified) and the location of the 
area studied. AM Armorican Massif, BM Bohemian Massif, CEBS 
Central European Basin System, CNSD Central North Sea Dome, 
ECG East European Gate, IBM Iberian Meseta, IM Irish Massif, LBM 
London-Brabant Massif, MC Massif Central High, MCA Meta-Car-
pathian Arc, RHB Rockall-Hatton Bank, UH Ukrainian High
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Jurassic deposits on older Mesozoic rocks. The maximum 
extension of the sea occurred during Late Bathonian, when 
it covered almost all the Polish Lowlands (Fig. 3b). In the 
Callovian, the Polish Basin underwent a reorganization 
of its structural pattern and finally in the Late Jurassic it 
became part of the northern shelf of Tethys (Kutek 1994; 
Matyja and Wierzbowski 2006a).
The Middle Jurassic succession consists mostly of vari-
ous siliciclastic rocks, ranging from claystone to conglom-
erate, with only subordinate carbonate. According to Feld-
man-Olszewska (2005, 2007, 2008, 2012), the black shale 
was deposited in the Polish Basin during three periods: (1) 
Late Aalenian–Early Bajocian, when sedimentation was 
restricted to the MPT, (2) Late Bajocian, when it extended 
into the Silesian-Kraków region, and (3) Early Batho-
nian, when it reached its widest extent in the Polish Basin 
(Fig. 2b). The thickness of the whole Middle Jurassic suc-
cession in the MPT exceeds 1000 m, whereas outside this 
zone it decreases below 300 m, as a result of reduced sub-
sidence and the occurrence of several hiatuses in its lower 
part (Dayczak-Calikowska and Moryc 1988; Feldman-
Olszewska 1997; Pien´kowski et al. 2008).
The Silesian-Kraków area was situated in the southern 
part of the Polish Basin, bordered from the south by the 
Małopolska Land (Fig. 3b). For the first time, the sea cov-
ered this region in the Early Bajocian (sauzei–humphrie‑
sianum chrons: Kopik 1998) and this is recorded by sand-
stone and heterolithics with a marine fauna referred to as 
the Kos´cielisko Beds. After the regression in the subfurca‑
tum chron, the sea returned to the Silesian-Kraków region 
in the garantiana chron, marking the onset of deposition 
of the Cze˛stochowa Ore-Bearing Clay Formation (Kopik 
1998). Marine sedimentation lasted here until the end of 
the Jurassic, although the transgression was interrupted by 
several regressions and stillstands.
Characteristics of the Cze˛stochowa Ore‑Bearing Clay 
Formation
The Cze˛stochowa Ore-Bearing Clay Formation consists 
of dark-grey, calcareous mudstone with several horizons 
of siderite and calcareous concretions and clayey siderite 
beds. The mudstone has significant contents of quartz sand 
(2.5–40 %), silt (26–53 %), and shell debris (Leonowicz 
2015a) and is enriched in organic matter, the total con-
tent (TOC) of which ranges from 0.8 to 2.9 % (Marynow-
ski et al. 2007; Szczepanik et al. 2007; Zaton´ et al. 2012). 
Geochemical studies, including Rock–Eval pyrolysis and 
biomarker analysis, have shown that the organic matter 
is immature and predominantly of terrestrial origin (Mar-
ynowski et al. 2007; Szczepanik et al. 2007).
Based on sedimentological and ichnological studies, the 
sedimentary environment was interpreted as a lower off-
shore to offshore transition zone, periodically passing to a 
distal lower shoreface (Leonowicz 2015a, b). In a marginal 
part of the semi-enclosed epicontinental sea, it implies 
depths not exceeding several tens of meters with possible 
temporary shallowing to less than 20 m (cf. Immenhauser 
2009). Such a situation is very probable, as the whole Pol-
ish Basin was relatively shallow; according to Feldman-
Olszewska (2005) the depth of the MPT zone only slightly 
exceeded the storm wave base. Detailed sedimentological 
examination has shown that the sea floor was frequently 
affected by storm-generated bottom currents, which sup-
plied significant amounts of sediment and reworked previ-
ously deposited material (Leonowicz 2013). Geochemical 
indices: Th/U, Ni/Co, V/Cr, (Cu + Mo)/Zn ratios, degree of 
pyritization (DOP) and pyrite framboid diameters, as well 
as biomarker characteristics, point to deposition under an 
oxygenated, non-stratified water column, with dysoxic con-
ditions prevailing within the sediment (Marynowski et al. 
2007; Szczepanik et al. 2007; Zaton´ et al. 2009). Sedimen-
tological and ichnological studies have generally confirmed 
this interpretation, but revealed distinct vertical and lateral 
variability of the bottom-water conditions, linked with 
changes of oxygenation and sedimentation rate (Leonowicz 
2015b). This variability is recorded by the variable diversity 
of the benthic fauna and trace fossil associations as well as 
the state of preservation of primary sedimentary structures. 
Based on these differences, two facies varieties, bioturbated 
and laminated, and eight associated ichnofacies, were dis-
tinguished (Leonowicz 2015b). Laminated deposits are the 
subject of the present study.
Methods
Deposits in five selected fully cored boreholes from the 
Cze˛stochowa–Zawiercie area (Fig. 1a) were examined 
on the basis of lithology, sedimentary structures, benthic 
fauna, and bioturbation. Trace fossils and biodeformational 
structures (including mottles, homogenization, and crypto-
bioturbation) were distinguished (cf. Wetzel 2008; Leono-
wicz 2015b). Additionally, the total intensity of bioturba-
tion was recorded, using the ichnofabric index (i.i.) scheme 
of Droser and Bottjer (1986). Based on these observations, 
five facies types were identified. Their characteristics were 
supplemented with data previously obtained during exami-
nation of exposures from the same area (Leonowicz 2013, 
2015a, b). Stratigraphy of the studied boreholes is after 
Kopik (1998).
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Results
The studied succession is generally uniform as regards 
lithology and sedimentary structures. It consists of dark-
grey mudstone and subordinate claystone, which reveal dif-
ferent types of parallel and lenticular lamination, disturbed 
by bioturbation to varying degrees. The classification 
applied here is based on the preservation state of primary 
sedimentary structures and the trace fossil and benthic fau-
nal associations, which reflect different levels of seafloor 
oxygenation. Detailed characteristics of facies, including 
composition of trace fossil and benthic faunal associations 
as well as descriptions of sedimentary structures and their 
interpretation, are placed in Table 1. Distribution of facies 
in borehole and outcrop sections is shown in Fig. 4.
(A) Laminated mudstone facies (Ml)
This facies type is characterized by the occurrence of well-
preserved parallel lamination (Table 1; Fig. 5a, b), undis-
turbed or only weakly disturbed by benthic activity. Laminae 
composed of silt, sand, and/or shell debris (Fig. 6a–c) are 
randomly dispersed in the mudstone or arranged in lamina 
bundles, graded rhythmites, and units showing grain-size 
gradation from sand to silty clay and clay (cf. Leonowicz 
2013). Bioturbation intensity is sparse to low (i.i. = 2–3) and 
diversity of the trace-fossil association is low. The complete 
ichnofossil association, observed in the Ogrodzieniec expo-
sure, contains five ichnogenera (Table 1), and biodeforma-
tional structures are represented mainly by cryptobioturba-
tion. Beside Trichichnus and pyritized burrows, which occur 
throughout the entire deposit, other trace fossils are associ-
ated with silt-sand laminae (Leonowicz 2013). The only 
common representatives of the benthic fauna are epifaunal 
bivalves Bositra, which occur as individual specimens and 
as mass occurrences on bedding planes (Fig. 6d). The shells 
in the latter represent different size classes, are commonly 
articulated, and preserved in “butterfly position”, which sug-
gest that they are preserved in situ and represent short-term 
benthic colonization events (Leonowicz 2013). In addition, 
rare infaunal bivalves belonging to families Nuculidae and 
Nuculanidae and small gastropods were observed.
(B) Finely laminated claystone facies (Cl)
This facies type is represented by claystone, which at first 
sight appears structureless. However, careful examina-
tion reveals a local fine lamination (Table 1), which sug-
gests that the homogenous appearance does not result from 
a lack of primary sedimentary structures, but from poor 
lithological contrast, which makes them barely visible. This 
is supported by the strong tendency of claystone to split 
into thin sheets that reflect the parallel-ordered fabric of 
the rock. Apart from scattered Chondrites, other trace fos-
sils were not observed, but they might be indiscernible like 
the fine lamination. However, taking into account the good 
preservation of thin laminae, which suggests sparse to low 
bioturbation intensity, it may be inferred that trace fossils, 
even if present, are uncommon. For the same reason, bio-
deformational structures are probably represented mainly 
by cryptobioturbation, which does not obliterate the subtle 
lamination. No benthic fauna was found.
(C) Alternating laminated and bioturbated mudstone 
facies (Ma)
This facies type consists of alternating intervals of parallel 
laminated and strongly bioturbated mudstone, which are 
0.5–10 cm thick (Fig. 5c, d). Laminated intervals display 
the same features as facies of laminated mudstone (Ml). 
They have erosional bases and gradually pass upwards 
into bioturbated sediment, which is either homogenized or 
mottled and reveals moderate-to-high bioturbation inten-
sity (i.i. = 4–5). The diversity of trace fossil and benthic 
faunal associations is low. A complete ichnofossil asso-
ciation, determined in the Blanowice exposure, contains 
six ichnogenera (Table 1), from which only Trichichnus, 
pyritized burrows and Chondrites are quite common 
(Leonowicz 2015b). The benthic fauna, similar to that in 
facies Ml, is not diverse. It is represented by the common 
epifaunal bivalve Bositra, occurring as individual speci-
mens and mass-occurrences on bedding-planes, as well 
as rare infaunal bivalves Nuculids, Nuculanids, and small 
gastropods.
(D) Homogenized mudstone facies (Mh)
This facies type is represented by bioturbated mudstone, in 
which moderate-to-strong bioturbation (i.i. = 4–5) led to 
almost complete homogenization of the sediment (Fig. 5e). 
However, some relicts of primary sedimentary structures, 
similar to these observed in facies Ml, are still present 
(Table 1). The diversity of the trace-fossil association in 
this facies varies from low to moderate. The most com-
plete ichnofossil association, observed in clay pits from 
Cze˛stochowa, includes common Chondrites, Trichichnus, 
and pyritized burrows as well as seven other, less common 
ichnogenera (Table 1; Leonowicz 2015b). Biodeforma-
tional structures are hardly discernible, but are documented 
by homogenization of the sediment. The benthic fauna is 
common and diverse. It is represented mainly by various 
infaunal and epifaunal bivalves of different sizes as well 
as brachiopods, gastropods, scaphopods, foraminifers, and 
echinoderms (Table 1; cf. Gedl et al. 2012).
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(E) Mottled mudstone facies (Mm)
This facies type consists of strongly bioturbated mudstone, 
in which the most characteristic components of the ichno-
fabric are large, well-discernible biodeformational struc-
tures, represented by mottles, and irregular, elongated accu-
mulations of shell debris and small shells (Fig. 5f). Despite 
strong bioturbation, mudstone reveals in places relicts of 
sedimentary structures, similar to those observed in facies 
Mh. Bioturbation intensity is moderate to high (i.i. = 4–5) 
and the diversity of the trace-fossil association is moderate. 
The most complete ichnofossil association was observed in 
exposures from Cze˛stochowa and included nine ichnogen-
era (Table 1; Leonowicz 2015b). Beside Taenidium, which 
is common in some intervals, other trace fossils are rare 
and scattered in the mudstone. The benthic fauna, similar to 
that in facies Mh, is common and diverse.
Spatial facies distribution
Vertical succession
Facies distribution analysis based on core correlation 
revealed some regularity in the vertical succession of facies 
(Fig. 4). The ore-bearing clay starts predominantly with 
finely laminated claystone Cl, which is up to 15 m thick 
and overlies shallow-marine sandstone. In some places, it 
is underlain by a 1–2-m-thick package of alternating lami-
nated and bioturbated mudstone Ma and/or bioturbated 
mudstone Mh and Mm (Biskupice 25BN and Piaseczno 
60BN boreholes). Upwards, finely laminated claystone 
passes into laminated sediments of facies Ml and Ma, which 
in the southern part of region are 30–53 m thick and occupy 
half or more of the succession. The upper part of the for-
mation consists mostly of bioturbated deposits of facies 
Mh and Mm. Only in the northern part of the studied area is 
finely laminated claystone overlain directly by bioturbated 
deposits, which constitute the main part of the sections, 
occupying intervals upto 126 m thick.
Lateral facies distribution
Laminated deposits of facies Cl, Ml, and Ma pass south-
wards into shallower-water, sandy and calcareous sedi-
ments, displaying strong condensation and common 
hiatuses (Fig. 7). Such deposits consisting of clayey sand-
stone and sandy limestone with large, encrusted oncoids 
and stromatolite-like crusts, crop out in Blanowice and 
Ogrodzieniec and were previously described by Zaton´ et al. 
(2012). In the Piaseczno 60BN borehole, they are repre-
sented by the uppermost part of a sandy complex, underly-
ing the ore-bearing clay (Fig. 4). Towards the north, lami-
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and Mm (Fig. 7). During the Late Bajocian and Bathonian, 




Depositional processes and seafloor oxygenation during 
sedimentation of the ore-bearing clay were previously 
studied by Leonowicz (2013, 2015a, b). Characteristics 
of silt-sand and shell debris laminae, combined with their 
random distribution in the section as well as the semi-
enclosed, epicontinental character of the Polish Basin, sug-
gest they are storm-event deposits, with sediment brought 
from shallower parts of the basin by storm-induced bot-
tom flows (Leonowicz 2013, 2015a). The coarser-grained 
material was carried together with mud in the form of fine-
grained suspension flows and fluid mud layers, in which 
the upper portion was transported as a suspension and the 
lower one as bedload (Leonowicz 2013). Deposition from 
suspension is suggested by several structures: laminae 
with erosional bases and gradational tops, normal grading, 
fine parallel lamination, and graded rhythmites. Bedload 
transport is indicated by the occurrence of small sand-silt 
lenses, which reveal cross-lamination and low-angle lam-
ination. Erosion of the sea floor and reworking of previ-
ously deposited sediment, which accompanied deposition 
of event laminae, are recorded by inversely graded silt-
sand laminae, laminae with sharp upper contacts, exhumed 
deeply burrowing bivalves and minor scours (Leonowicz 
2013, 2015a).
Storm-event laminae are common in facies Ml, Ma, and 
Cl, although in the latter they are hardly visible due to the 
poor lithological contrast. The relicts of such laminae were 
also commonly observed in bioturbated mudstone of facies 
Mh and Mm, suggesting similar depositional processes (cf. 
Leonowicz 2015a). This indicates that both laminated and 
bioturbated mudstone originated in a relatively high-energy 
environment, frequently affected by bottom currents. In 
the case of facies Mm, the domination of biodeformational 
structures and irregular, patchy distribution of other ichno-
fossils point to an increased sedimentation rate (Leonowicz 
2015b; cf. Wetzel 1991b; Wetzel and Uchman 1998). The 
scarcity of sedimentary structures of possible wave origin 
suggests that the sea floor was mostly below storm wave 
base and only exceptionally within the range of storm or 
even fair-weather waves. However, as noted in an earlier 
section, the depth of the basin was probably not more than 
several tens of meters (Leonowicz 2015a). The relatively 
shallow-water location is also suggested by the vicinity of 
Małopolska Land.
Seafloor oxygenation
Seafloor oxygenation changed within the succession from 
suboxic to moderate dysoxic (cf. Leonowicz 2013, 2015b). 
Composition of the trace-fossil and benthic faunal asso-
ciations in facies types Ml, Cl, and Ma, which are domi-
nated by forms tolerant of low oxygen levels (Trichichnus, 
Chondrites, pyritized burrows of chemosymbiotic ani-
mals, bivalve Bositra), point to suboxic conditions pre-
vailing within the sediment and on the sea floor, which 
frequently changed to lower dysoxic. Suboxic conditions 
are recorded by intervals displaying a sparse bioturbation 
intensity, common cryptobioturbation, and the trace fossil 
association containing Trichichnus and pyritized burrows. 
The appearance of other ichnofossils, stronger bioturba-
tion, and mass-occurrences of Bositra, reflects periods of 
re-oxygenation, during which dysoxic conditions devel-
oped. Depending on the duration of re-oxygenation peri-
ods, which could have lasted from a few weeks to a few 
years (see "Black shale origin" below), they led to the 
development of thin (few mm thick), bioturbated lami-
nae occurring in facies Ml and Cl, or relatively thick (up 
to 10 cm thick), homogenized and mottled intervals with 
a tiered ichnofabric, which were observed in facies Ma. 
In the case of mass occurrences of Bositra, the additional 
factor facilitating their settling could be the occurrence 
of coarser-grained accumulations on the sea floor, which 
served as a more stable substrate, although this bivalve can 
easily live directly on the soft mud thanks to its flat, thin 
valves (cf. Wignall 1994).
Facies types Mh and Mm are characterized by moderate-
to-strong bioturbation of sediment, higher diversity of trace 
fossils, as well as a common and diverse benthic fauna, 
which point to a better oxygenation of the sea floor com-
pared to laminated deposits. Their characteristics point to 
well-oxygenated bottom water and lower dysoxic condi-
tions prevailing within the sediment, in which producers of 
Chondrites, Trichichnus, and pyritized burrows dominated 
(cf. Leonowicz 2015b). Other trace fossils originated dur-
ing periods with increased oxygen availability in the sedi-
ment (moderate dysoxic level), enabling more demanding 
animals to live there. Depending on the degree of oxygena-
tion and its duration, the shallow tier of ichnofabric and 
the benthic faunal suite were less or more diverse. Dysoxic 
conditions could also prevail during deposition of lami-
nated-bioturbated couplets from facies Ma, which appear 
within the generally bioturbated succession. They likely 
resulted from episodic deposition of thick portions of mud, 
the lower part of which was prevented from bioturbation 
by a substantial thickness of rapidly deposited sediment 
(Leonowicz 2015b).
The characteristic features of facies types Ml, Ma, 
and Cl, pointing to deposition in an oxygen-deficient, 
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suboxic to lower dysoxic environment, combined with 
an increased content of organic carbon in the entire ore-
bearing clay succession, are typical of black shale. The 
two other facies types, Mh and Mm, representing dark-
grey bioturbated mudstone (sensu Sageman et al. 1991), 
originated in less restrictive, although still dysoxic 
conditions.
Black shale occurrence within the depositional 
sequence
The black shale described here is a part of a succession 
that records a gradual transgression of the Middle Jurassic 
sea across the Silesian-Kraków region and therefore it can 
be regarded as an example of a transgressive black shale. 
Fig. 4  Representative logs of Middle Jurassic deposits from the 
Cze˛stochowa-Zawiercie region. T-R cycles from central Poland after 
Pienkowski et al. (2008), T-R cycles from Cze˛stochowa after Leono-
wicz (2015a). Biostratigraphy after Kopik (1998), Matyja and Wier-
zbowski (2000, 2003, 2006b), Zaton´ (2007) and Zaton´ et al. (2011, 
2012). For localities see Fig. 1
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During this transgression, the shoreline shifted southwards, 
and this is recorded by the gradual thickness reduction of 
Bajocian and Lower Bathonian deposits and the onlap of 
ore-bearing clay on the underlying sandstone (Fig. 4). 
South of Ogrodzieniec, where the ore-bearing clay dis-
appears, the transgression is recorded by a littoral Parcze 
conglomerate and Balin oolite, both of Late Bathonian age, 
lying directly on Triassic deposits (Kopik 1997). Farther to 
the south, in the Kraków region, the Middle Jurassic is rep-
resented by the limnic Grojec clay, also of Bathonian age 
(Marcinkiewicz 1980).
As mentioned in the introduction, black shale occurs 
usually in two positions within the transgressive systems 
tract: at the base, resting on a transgressive surface, and 
around the maximum flooding surface, marking peak trans-
gression or the early stage of the highstand (Wignall 1994). 
The sequence stratigraphy for the succession from the 
Cze˛stochowa-Zawiercie region has not yet been unraveled, 
which makes precise correlation of the studied black shale 
with the depositional sequences impossible. However, 
Fig. 6  Composition of event laminae from ore-bearing clays. a 
Accumulation of quartz silt and very fine sand with a few disarticu-
lated shells of nuculanid bivalves. b Accumulation of fragmented 
shells of various bivalves. c Accumulation of fragmented shells of 
bivalve Bositra. d Bedding plane covered in Bositra shells, which are 
mostly articulated and preserved in a “butterfly position”
Fig. 5  Facies types from the ore-bearing clay. a, b laminated mud-
stone (Ml): a thin silt laminae (in the upper half of the picture) and 
two lamina bundles (in the lower half); b small silt-sand lenses; 
c, d alternating laminated and bioturbated mudstone (Ma): c lami-
nated (l)–bioturbated (b) couplet, in which bioturbated part is com-
pletely homogenized. In the lower half of the image fine silt laminae 
are indicated by arrows; d two couplets in which bioturbated parts 
are mottled. Sharp erosional bases of couplets and gradual transi-
tion from laminated to bioturbated sediment are visible; e homog-
enized mudstone (Mh); f mottled mudstone (Mm). Vertical sections. 
Scale bar in a–e is 1 cm, in f is in centimeters; a, b Ogrodzieniec 
clay pit, c Blanowice clay pit, d Z˙arki clay pit, e Gnaszyn clay pit 
(Cze˛stochowa), f Biskupice 25BN borehole (depth 66.5 m)
◂
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Fig. 7  Paleogeographical maps of the Cze˛stochowa-Zawiercie region 
showing spatial development of sedimentation during the Middle 
Jurassic transgression. a Late Bajocian (1): sedimentation of marine 
sand prevails in the area studied; in the Zawiercie region, the deposit 
is strongly condensed; b Late Bajocian (2): in the middle part of the 
study area, deposition of black shale begins; to the south it passes into 
a condensed deposit; c Early Bathonian: the black shale zone shifts 
to the south; in the northern part of the area, bioturbated mud occurs; 
d Late Bathonian: black shale accumulates only in the Zawiercie 
region; in the rest of the area studied, bioturbated mud prevails. Pre-
sented time horizons are marked in Fig. 4. Clay pits in Cze˛stochowa: 
A Anna, Al Alina, G Gnaszyn, L Leszczyn´ski, SG Sowa-Glin´ski
Facies (2016) 62:16 
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for the purpose of this study, the approximate boundaries 
of transgressive–regressive (TR) cycles were determined 
(Fig. 4) based on the scheme worked out for the succes-
sion from Cze˛stochowa (Leonowicz 2015a) and the corre-
lation with TR cycles distinguished in the succession from 
central Poland (Pien´kowski et al. 2008). The numbering of 
the cycles is consistent with the scheme proposed for the 
Cze˛stochowa section.
The basal transgressive surface occurs at the base of a 
thick sandstone complex of Bajocian age (Fig. 4), which 
overlies either an alluvial sandstone of the Upper Toarcian 
Borucice Formation or a marine mudstone of the Lower 
Toarcian Ciechocinek Formation (Kopik 1998). This com-
plex is divided into two parts by a poorly developed and 
not always identifiable hiatus horizon, linked with a marine 
regression in the subfurcatum chron (Kopik 1998). The 
lower part, dated as Early Bajocian, is referred to as the 
Kos´cielisko Beds (Kopik 1998) and constitutes the oldest 
cycle TR0, correlating with cycle TR2 from central Poland 
(Pien´kowski et al. 2008). The upper complex is of Late 
Bajocian age (Kopik 1998) and commences the next cycle 
TR1, during which sedimentation of the ore-bearing clay 
began. In the Cze˛stochowa and Z˙arki regions, sedimenta-
tion of mud started in the middle Late Bajocian, during the 
cycle TR1 (Fig. 4). North of the Zawiercie area (Piaseczno 
60BN) it began in the Early Bathonian, during cycle TR2+3 
and spread out towards Blanowice and Ogrodzieniec in the 
Middle Bathonian (cycle TR4).
The black shale occurs mainly in the lower half of the 
ore-bearing clay succession (Fig. 4), overlying directly 
shallower-marine sandstone; it is much more common in 
sections from proximal locations, in which it constitutes 
more than half of the sequence (Jaworznik 144Z˙, Piasec-
zno 60BN, Blanowice, and Ogrodzieniec). The correlation 
of black shale with particular TR cycles is not evident. In 
the proximal locations, it commonly occupies intervals 
corresponding to whole cycles (TR1 cycle in Jaworznik 
144Z˙, TR2+3 cycle in Łutowiec 135Z˙, Jaworznik 144Z˙ 
and Piaseczno 60BN, TR4 cycle in Blanowice). Along 
with increasing distance from the shoreline, i.e., laterally 
towards the north and upwards in each section, the lami-
nated facies disappears gradually from the upper part of 
TR cycles (TR1 cycle in Biskupice 25BN, Zre˛bice 33BN 
and Łutowiec 135Z˙, TR4 cycle in Łutowiec 135Z˙ and 
Piaseczno 60BN, TR6+7 cycle in Piaseczno 60BN and 
Ogrodzieniec) and in the uppermost part of the ore-bearing 
clay succession only bioturbated mudstone occurs. Such 
features indicate that formation of black shale was gener-
ally associated with the early phase of the Middle Juras-
sic transgression and was favored by the proximity of the 
land. The second-order fluctuation of the shoreline was 
probably responsible for the appearance of an isolated 
black shale interval in the middle part of the Zre˛bice 33BN 
section, as well as an alternation of laminated and biotur-
bated intervals in sections Łutowiec 135Z˙, Jaworznik 144Z˙ 
and Piaseczno 60BN, which, however, do not display any 
apparent regularity.
Black shale origin
The origin of black shale in epicontinental basins has been 
widely discussed by many authors, who proposed vari-
ous hypotheses and models to explain the development of 
anoxia on the sea floor (Fig. 8). The “silled-basin” con-
cept (Fig. 8a), based on circulation in the modern Black 
Sea, applies to a sea separated from the open ocean by 
a topographic barrier, which limits water exchange, lead-
ing to restriction of vertical mixing and development of 
anoxia beneath a permanent halocline (Demaison and 
Moore 1980). This effect may be strengthened during 
periods of wet and warm climate, when the high fresh-
water flux leads to deepening of the halocline, prevent-
ing water column mixing even if free exchange with the 
ocean is possible during a sea-level rise (McArthur et al. 
2008; Fig. 8b).
In modern oceans, anoxia develops preferentially in 
upwelling zones, such as off Namibia and Peru, where 
deep, nutrient-rich water rises towards the surface, causing 
increased organic productivity and high oxygen demand 
on the shelf (Demaison and Moore 1980; Fig. 8c). Oxy-
gen-deficient conditions may develop in places, where the 
mid-water oxygen minimum zone (OMZ), resulting from 
decay of organic matter settling through the water col-
umn, intersects with the continental slope (Demaison and 
Moore 1980; Fig. 8d). The concept of the OMZ was used to 
explain black shale deposition in extensive shelf seas dur-
ing Jurassic and Cretaceous anoxic events in Europe (Jen-
kyns 1985, 1988; Jenkyns et al. 2001). According to this, 
high organic productivity on the shelf, flooded during the 
sea-level rise, was triggered by increased nutrient supply 
from the land and resulted in development of anoxia over 
a wide area of shallow epicontinental sea (Fig. 8e). Alter-
natively, development of the OMZ on the shelf might have 
been caused by enhanced preservation of organic matter 
beneath the halocline, which formed due to the high fresh-
water influx (Jenkyns 1985; Fig. 8f).
The “irregular bottom topography” (“puddle”) model 
(Fig. 8g) proposes formation of stagnant water pockets 
in topographic hollows on the sea floor, in which anoxic 
conditions develop (Hallam and Bradshaw 1979; Wignall 
1991). Such a situation is favored by fast sea-level rise dur-
ing an early phase of transgression. Wignall (1991) has 
extended the “puddle” concept in an “expanding puddle” 
model (Fig. 8h), which explains the onlap of black shale on 
shallow-water deposits by onshore expansion of an anoxic 
“puddle” during the development of transgression.
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None of these concepts satisfactorily explains the origin 
of the black shale described here. The silled-basin model 
assumes prolonged stagnation of oxygen-depleted water 
in a deep-water environment, whereas features of the ore-
bearing clay point to relatively shallow-water conditions 
and frequent re-oxygenation. In the “puddle” model, the 
black shale also forms beneath a permanent halocline and 
is the deepest-water deposit at time of its formation, with 
neither deeper-water nor shoreline time-equivalent facies. 
In contrast, the spatial arrangement of facies types from 
the ore-bearing clay indicates that oxygen-restricted condi-
tions developed only in a narrow, proximal zone, separated 
from the shoreline by an area characterized by sediment 
starvation (Fig. 7). Offshore, oxygenation of the sea floor 
increased and laminated sediment was replaced by biotur-
bated mud.
The “expanding puddle” concept gives rise to a deep-
water condensed deposit and links its formation with maxi-
mum transgression. Such an explanation has been invoked 
for the black shale from the Mid-Polish Trough, associated 
with a significant increase of seawater depth (Feldman-
Olszewska 2005), but it is not likely for the studied black 
shale, which accumulated in shallow-water during the 
beginning of transgression.
The OMZ models based on water column oxygena-
tion in modern oceans, which invoke upwelling and the 
intersection of the OMZ with the continental slope, are 
also not appropriate for the ore-bearing clay. The Polish 
Basin was a semi-enclosed sea, separated from the Tethys 
by Małopolska Land, so that a direct inflow of oxygen-
deficient water from the ocean was not likely. In fact, in 
the Late Jurassic, when the Polish Basin became part of 
the northern shelf of Tethys, oxygenation improved, ter-
minating deposition of dark-colored mudstone. Also, the 
OMZ models invoking development of anoxia in shelf 
seas as a result of increased nutrient supply from the land 
and enhanced preservation of organic matter beneath the 
halocline, cannot be applied to the studied deposit. These 
models explain the accumulation of black shale across the 
shelf during maximum transgression, whereas the deposit 
described here formed at the beginning of transgression 
and only in a narrow zone close to the land.
Shallow-water black shale linked with an early phase 
of transgression was described by Röhl and Schmid-Röhl 
(2005), who explained its formation by a model of “silled-
basin transgressive chemocline” (Fig. 8i). In this concept, 
the slow sea-level rise leads to water stagnation in a silled 
basin, but the reduced rate of transgression prevents the 
establishment of deep-water conditions. This model, how-
ever, cannot be applied to the ore-bearing clay, as it invokes 
oxygen depletion within the entire basin, whereas in the 
Silesian-Kraków region black shale was deposited only in 
a proximal zone.
More probable is the model of “nearshore photic zone 
euxinia (PZE)”, proposed by Słowakiewicz et al. (2015) 
for Zechstein deposits from Poland (Fig. 8j). The authors 
postulated the development of an euxinic mid-water layer 
due to localized high productivity, stimulated by nutrient 
supply from land, but without the development of a pyc-
nocline. The intersection of PZE with a platform margin 
resulted in the restricted occurrence of reducing conditions 
only in the slope and toe-of-slope locations. The argument 
against such an interpretation for the black shale described 
here is that there is no published data, e.g., biomarker char-
acteristics and pyrite framboid diameters, indicating eux-
inia within the water column (Szczepanik 2006; Marynow-
ski et al. 2007).
The best interpretation seems to be the concept of 
“nearshore transgressive black shale” (Fig. 8k), proposed 
by Wignall and Newton (2001), in which anoxia develops 
due to increased nutrient supply and high organic pro-
ductivity, but only in shallow nearshore settings, where 
a small volume of water is trapped beneath a temporary 
thermocline. Kimmeridgian deposits from the Boulonnais, 
described by these authors, display similar features to the 
black shale reported here: relatively shallow-water origin, 
evidence of frequent re-oxygenation of the sea floor and 
the presence of better-oxygenated time-equivalent facies in 
deeper locations. The only difference is that in the succes-
sion of the Boulonnais, black shale is associated only with 
the basal parts of parasequences, whereas in the southern 
part of the Polish Basin studied here, laminated sediment 
also formed during regressive intervals. This points to a 
decisive impact of land influence on the formation of the 
latter.
Fig. 8  Models of black shale formation in epicontinental basins. 
a The “silled-basin” model for a sea separated from the open ocean 
by a topographic barrier. b Modified “silled-basin” model emphasiz-
ing the influence of a wet and warm climate. c Upwelling model, in 
which development of anoxia on a shelf is caused by upwelling of 
nutrient-rich water. d The “oxygen-minimum zone (OMZ)” model, 
in which an open ocean anoxic layer intersects with the continental 
slope. e Model of an OMZ in a shelf sea; the anoxia results from a 
high organic productivity, caused by increased nutrient supply dur-
ing the marine transgression across a shelf. f Alternative model for 
the OMZ in a shelf sea; the anoxia develops due to enhanced organic 
matter preservation below the halocline. g The “irregular bot-
tom topography” (“puddle”) model postulating formation of stag-
nant water pockets in topographic hollows on the sea floor. h The 
“expanding puddle” model, in which the anoxic “puddle” expands 
onshore during the development of transgression. i The “silled-basin 
transgressive chemocline” model postulates water stagnation in a 
silled basin during the sea-level rise, however, the slow rate of trans-
gression causes the basin to remain shallow. j The “photic zone eux-
inia (PZE)” model proposes development of localized euxinia within 
the water column due to increased nutrient supply. k The “nearshore 
transgressive (TN) black shale” model, in which anoxia develops in 
nearshore settings, where a small volume of water is trapped beneath 
a thermocline
◂
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Wignall and Newton (2001), referring to the study 
of Tyson and Pearson (1991), explained the origin of 
nearshore black shale by the development of oxygen-defi-
cient conditions beneath a temporary pycnocline, where 
the bottom water was deoxygenated due to the decay of 
organic matter. Observations of modern seas indicate that 
shallow basins are especially prone to the occurrence of 
oxygen-deficient conditions, because of (1) high produc-
tivity, linked with increased riverine influx of nutrients and 
their supply from the sea floor by frequent mixing of the 
water column, (2) low loss of organic matter (OM) during 
its relatively short settling time through the water column, 
and (3) high accumulation rates of sediment and its asso-
ciated terrestrial OM (Tyson and Pearson 1991). On the 
other hand, a shallow sea floor remaining within the range 
of storm mixing is frequently ventilated by waves and cur-
rents that improve its oxygenation. Thus, the development 
of anoxia in a shallow-water environment requires strati-
fication of the water column, at least periodically, to pre-
vent its permanent mixing. Observations of modern shelves 
show that optimal conditions occur in shallow, seasonally 
stratified water, less than 60 m deep, with a layer of water 
trapped beneath the pycnocline less than 10 m thick (Tyson 
and Pearson 1991). The increase in depth offshore and dur-
ing transgression leads to thickening of the sub-pycnocline 
layer that prevents its rapid deoxygenation and terminates 
deposition of black shale.
Depositional conditions in the area studied seem to have 
been favorable for the development of oxygen deficiency. 
During the early phase of the Middle Jurassic transgres-
sion, this area was situated in a relatively shallow, marginal 
part of a semi-enclosed epicontinental sea (Figs. 3b, 9). The 
nearby Małopolska Land was a source of terrigenous OM 
and nutrients, which could have triggered phytoplankton 
blooms. Gedl et al. (2012), who analyzed palynofacies and 
micropaleontological assemblages from the ore-bearing 
clay, described periodic blooms of opportunistic plank-
tonic taxa resulting from the increased influx of nutrients. 
Although geochemical analyses indicate a subordinate con-
tent of marine OM in the whole Middle Jurassic succession 
(Marynowski et al. 2007), it should be remembered that 
it is more degradable than terrigenous plant material and 
may be under-represented in ancient deposits. Based on 
pyritization type in the ore-bearing clay, Szczepanik (2006) 
suggested that the content of marine OM in the laminated 
facies from Ogrodzieniec could originally have been higher 
than in the bioturbated mudstone from Cze˛stochowa. This 
would support the supposition of increased primary pro-
ductivity during black shale formation and explains its pref-
erential deposition within the most proximal locations. The 
other factor likely responsible for the development of sub-
oxia on the sea floor was the event nature of sedimentation. 
Rapid deposition of impermeable mud blankets prevented 
oxygenation of the sediment column, accelerating oxygen 
exhaustion and favoring preservation of OM.
The nature of the pycnocline is not evident. In modern 
seas, the favorable conditions for localized anoxia occur 
in the vicinity of river mouths, where a relatively stable 
and strong halocline may develop. However, more exten-
sive anoxia is usually linked with a seasonal thermocline 
(Tyson and Pearson 1991). Taking into account the vicin-
ity of Małopolska Land, the occurrence of a halocline in 
the area studied seems likely. On the other hand, the marine 
fauna (bivalves, brachiopods, rare ammonites, and belem-
nites), found in the nearshore Niegowonice and Parcze con-
glomerates (Róz˙ycki 1953), suggests normal salinity of the 
surface water layer. This suggests that the more probable 
reason for pycnocline development in the Silesian-Kraków 
area was thermal stratification of water column.
In modern seas, the thermocline usually develops during 
the summer and breaks down in winter, due to strong storm 
mixing. In the Polish Basin, suboxic conditions prevailed 
during the whole time of black shale deposition, but were 
interrupted by recurrent oxygenation periods of variable 
duration. The shortest are recorded by scattered trace fos-
sils associated with thin silt-sand laminae and by bedding 
plane accumulations of the bivalve Bositra. In modern seas, 
benthic communities recolonize a deserted sea floor dur-
ing the winter months (Tyson and Pearson 1991; Tagliapi-
etra et al. 1998). The origin of monospecific bivalve event 
assemblages, covering bedding planes in ancient black 
shales, is commonly explained by oxygenation improve-
ment linked with currents generated by single storms (e.g., 
Wignall and Myers 1988; Sageman 1989). Similarly, bio-
turbated horizons containing burrows of “doomed pio-
neers” are interpreted as a result of single gravity or hyper-
pycnal flows, responsible for an influx of an allochthonous 
fauna to inhospitable anoxic settings (Föllmi and Grimm 
1990). Taking into account that the conditions in the Polish 
Basin were never truly anoxic and developed in an area of 
limited extent, the recolonization of the sea floor by oppor-
tunistic organisms could have occurred quite fast, even 
after a single strong storm.
Thicker bioturbated intervals, up to 10 cm thick, which 
occur in facies Ma, record longer-lasting periods of bot-
tom oxygenation; however, their duration may be estimated 
only approximately. As was mentioned above, sedimenta-
tion of the ore-bearing clay was dominated by depositional 
events, including fall-out from fine-grained suspension cur-
rents and fluid mud layers moved by wave-induced turbid-
ity currents (Leonowicz 2013, 2015a). The recent studies of 
sedimentary processes on the continental shelf in northern 
California show that the latter process can lead to deposi-
tion of a mud layer 6–13 cm thick during a single deposi-
tional event (Traykovski et al. 2000). This value increases 
to 44 cm at sites located off the delta front of the largest 
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Fig. 9  Proposed directions of sediment supply to the Silesian-
Kraków region during the Middle Jurassic. Paleogeographical maps 
of the Polish Basin after Feldman-Olszewska (1998) and Dayczak-
Calikowska (1997), modified; the southern part has been changed 
according to Barski (1999), Kozłowska et al. (2015) and own obser-
vations
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rivers, such as the Amazon (Sternberg et al. 1996). Assum-
ing 85 % porosity of the fresh mud (cf. Schieber and Yawar 
2009), the thickness of such layers after total compaction 
(0 % porosity) would decrease approximately to 1–2 cm 
and 6.5 cm, respectively. Depositional processes in the epi-
continental Polish Basin were likely less effective than on 
the continental shelf of California. However, even if it is 
assumed that a 1-cm-thick mudstone layer records depo-
sition during one whole year, not only one depositional 
event, the accumulation of a 10-cm-thick bed would take 
10 years. Accumulation of a 0.5-cm-thick layer, which is 
the thinnest bedding unit in facies Ma, would take half a 
year; thus, alternations of such thin bioturbated and lami-
nated intervals could reflect seasonal changes of seafloor 
oxygenation.
The source of sediment
The succession of facies within the ore-bearing clay pro-
vides some information about the source of sediment. Gen-
erally, the first facies appearing above the shallow-marine 
sandstone is finely laminated claystone (Cl). Upwards, it 
passes into laminated deposits of facies Ml and Ma, which 
in turn are overlain by bioturbated mudstone of facies Mh 
and Mm. Taking into account that event silt-sand accumu-
lations in facies Ml and Ma are more common and thicker 
than in facies Cl, the sequence is displaying an upward 
coarsening of grain size. A similar trend was observed in 
the bioturbated mudstone from Cze˛stochowa, in which the 
highest total sand and silt content was noted in the upper 
part of succession (Leonowicz 2015a). The grain size gen-
erally depends on the energy of the transporting agent, 
length of the transport path, and the sediment type in the 
source area. If the first two agents are assumed, the upward-
coarsening trend could indicate a regression of the shore-
line. However, earlier studies (e.g., Dayczak-Calikowska 
and Moryc 1988; Feldman-Olszewska 1998) have shown 
that the deposition of ore-bearing clay was associated with 
basin expansion, i.e., transgression of its shoreline. The 
other explanation of the upward-coarsening trend may be 
the changes taking place in source area.
An analysis of paleogeographical maps of the Pol-
ish Basin shows several potential sources of clastic mate-
rial (Fig. 9). The nearest emergent area, which could have 
supplied sediment to the Silesian-Kraków region, was 
Małopolska Land. The transgressing sea firstly reworked 
alluvial sand of the Upper Toarcian Borucice Forma-
tion, which was probably partly incorporated into the 
Kos´cielisko Beds. However, Lower Jurassic deposits wedge 
out near Zawiercie and south of it Middle Jurassic rocks lie 
directly on claystone, mudstone, and carbonate of Triassic 
age (Dayczak-Calikowska 1997; Senkowiczowa 1998). It 
shows that in the early Middle Jurassic such fine-grained 
sediments cropped out at the surface and could have been 
eroded by a transgressing sea. As they contain only sub-
ordinate alternations of coarser-grained siliciclastics, they 
could not be an efficient source of sand and silt for event 
laminae present in the ore-bearing clay. Nonetheless, they 
could derive significant amounts of clay that could well 
explain the occurrence of clay-rich deposits at the base of 
the sequence. The increase of sand and silt content higher 
in the succession indicates that along with the progressive 
southward shift of the shoreline, the role of Małopolska 
Land would have diminished in favor of other sources.
The Bohemian Massif could serve as an important 
source of clastic material until the Late Bajocian transgres-
sion, which is recorded by significant expansion of the shale 
and mudstone lithofacies towards the southwest (Fig. 9a, 
b). It is not clear if this land was flooded completely or only 
in the marginal part; however, the contribution of clastics 
from the Bohemian Massif undoubtedly decreased. The 
Wielkopolska Ridge could be the source of coarser material 
until the Early Bathonian, except during the latest Bajocian 
peak transgression, when it was almost completely flooded 
(Fig. 9a–c). The other land, which could have supplied 
sediment to the Silesian-Kraków region, was an island 
located to the northeast of Małopolska Land, the existence 
of which is inferred from the lithofacies pattern (Fig. 9c, d) 
and transport directions measured in sandstone from this 
part of the basin (Kozłowska et al. 2015). The sediment 
could have been redistributed from there by long-shore 
currents until the Middle Bathonian. From the late Middle 
Bathonian, the most probable source of clastic material was 
a wide sandy shoreface, supplied with sediment from the 
East-European Craton (Fig. 9e). The progradation of this 
sand during the Middle Bathonian (Figs. 9d, e) could well 
explain the upward increase in sand content in the upper 
part of the ore-bearing clay (Leonowicz 2015a), which 
was accompanied by the increased rate of sedimentation, 
recorded by facies Mm. A similar coarsening-up trend may 
be traced in the Bathonian succession from central Poland 
(Feldman-Olszewska 2007, 2008, 2012), which suggests a 
common provenance of clastic material and reinforces the 
above interpretation. The same transport direction has been 
indicated by Marynowski et al. (2007) based on the com-
position of organic matter from the Middle Jurassic mud-
stones from different parts of the Polish Basin.
The proposed reconstruction of transport paths requires 
further verification by basin-wide investigations and more 
precise dating of core material. However, it shows that 
deposition of the ore-bearing clay was influenced by local 
as well as regional controlling factors. The rate of sedi-
ment accumulation depended mostly on its supply from the 
main source areas, i.e., its redistribution from the shoreface 
zones of lands bordering the Polish Basin. From this point 
of view, the Silesian-Kraków region was mostly in a distal 
Facies (2016) 62:16 
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location, which is reflected by the character of event lami-
nae representing distal tempestites. The oxygenation of the 
sea floor resulted from local conditions, which developed 
in the vicinity of Małopolska Land and were influenced by 
the rate of terrigenous OM and nutrient delivery as well 
as the stability of the pycnocline. Such a complex origin 
and multi-factor control could well explain the lack of a 
clear correlation of the black shale intervals with the TR 
cycles distinguished in the ore-bearing clay. Sedimentation 
in the Polish Basin was strongly influenced by syndepo-
sitional faults and salt movements, which led to differen-
tiation of the sea floor with several elevations and depo-
centers (Dadlez 1994; Feldman-Olszewska 1997; Barski 
1999; Pienkowski et al. 2008). The internal configuration 
of the basin changed with time, which explains the pos-
tulated changes of source area. The TR cycles from the 
ore-bearing clay succession were interpreted based on the 
variation of sand, silt, and clay contents and, in addition 
to relative sea-level changes in the Polish Basin, they also 
record several events of local extent (Leonowicz 2015a). 
For example, regression R2 was probably caused by syn-
depositional uplift of the southern part of the Wielkopol-
ska Ridge, whereas regression R6 likely resulted from the 
local autocyclic progradation of the shoreline (Leonow-
icz 2015a). Formation of black shale, in turn, was closely 
linked with transgression of the sea across Małopolska 
Land, which was probably caused by spreading and deep-
ening of the Tethyan Ocean to the south (Matyja 2015) and 
had only limited influence on the grain-size composition of 
mudstone.
Conclusions
The transgression of the Middle Jurassic sea, which cov-
ered the Silesian-Kraków region during Bajocian and 
Bathonian time, led to the development of oxygen-deficient 
conditions in the vicinity of Małopolska Land, resulting in 
the deposition of black shale. The black shale constitutes 
part of the ore-bearing clay succession and is represented 
by three facies: laminated mudstone (Ml), laminated clay-
stone (Cl) and alternating laminated and bioturbated mud-
stone (Ma). Two other facies types distinguished in the 
ore-bearing clay, homogenized mudstone (Mh) and mottled 
mudstone (Mm), record less restrictive dysoxic conditions. 
Detailed analysis of sedimentary structures indicates that 
black shale was deposited in a relatively shallow (several 
tens of meters deep) environment, characterized by fre-
quent reworking of the bottom by storm-generated currents.
The impoverished trace fossil and benthic faunal asso-
ciations indicate that the black shale formed in suboxic 
conditions, prevailing within the sediment and on the sea 
floor, and these were repeatedly interrupted by episodes 
of oxygenation. The development of oxygen deficiency 
resulted most probably from the increased supply of 
organic matter, from both the land and phytoplankton 
blooms, and its decay below the pycnocline that led to 
rapid oxygen consumption. Re-oxygenation events were 
likely linked with water column mixing during storms and 
varied in duration. The shortest, recorded by event lami-
nae from Ml and Cl facies, were probably linked with sin-
gle storms. Bioturbated layers 0.5 cm thick from Ma facies 
could reflect seasonal changes of the seafloor oxygenation. 
The thickest bioturbated units record intervals lasting sev-
eral tens of years.
The studied black shale is associated with the lower part 
of a transgressive systems tract and represents a nearshore 
transgressive (TN) black shale. It formed in a narrow proxi-
mal zone, in the vicinity of Małopolska Land. Onshore, it 
merges with a condensed shallower-water deposit, whereas 
offshore it passes into better-oxygenated bioturbated 
mudstone. In contrast to the model of Wignall and New-
ton (2001), in the most proximal settings laminated facies 
formed during both transgressions and regressions, whereas 
in distal locations whole transgressive–regressive cycles are 
recorded by bioturbated mudstone. The limited extent of 
the black shale belt indicates that it does not belong to the 
thick black shale complex deposited in the central part of 
the Polish Basin during times of considerable increase in 
water depth (cf. Feldman-Olszewska 2005).
Deposition of the studied deposits was influenced 
by regional and local effects. The rate of accumulation 
depended on the sediment supply from lands bordering 
the Polish Basin, including Małopolska Land, the Bohe-
mian Massif, Wielkopolska Ridge, East-European Craton, 
and an island situated to the northeast of Małopolska Land. 
Their share in sediment delivery changed with time along 
with progress of the transgression and as a result of syn-
depositional tectonics. Oxygen deficiency, in turn, resulted 
from the local conditions, which developed in the vicinity 
of Małopolska Land and played a key role in black shale 
deposition. The present study shows that formation of 
nearshore transgressive black shale in a sedimentary basin, 
which was characterized by unequal subsidence of the 
sea floor linked with syndepositional tectonics, depended 
mainly on local factors and might not reflect sea-level 
changes of global and regional extent.
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